Field experiments were conducted in 2011 on an experimental farm at the Cotton Research Institute, Chinese Academy of Agricultural Sciences, Anyang, China. We conducted experiments with a "SPAD-502" meter to quickly measure the relative value of chlorophyll content in the leaf blades of field cotton. Our goal was to seek a suitable leaf on a cotton plant to diagnose senescence status of crop plants at later stages of growth. We began by studying the dynamic change rule of the distal-most four leaves of the cotton plant during the entire growth period with two early-maturing cultivars (CCRI 36, CCRI 50) and two mid-maturing cultivars (CCRI 41, SCRC 28). We also examined 
Introduction
Nitrogen (N) is the nutrient that most often limits crop production and the nutrient that requires the most ex-pense and effort to add to the soil to meet crop requirements. Due to the detrimental effects of limited or excess N on cotton (Gossypium hirsutum L.), it is desirable to monitor crop N status so that management changes can be made in order to optimize yield and quality [1] .
The leaves of cotton are the main organs for photosynthesis and chlorophyll is an important pigment by which chemical energy can be transformed to light energy [2] . There is a direct relationship between the chlorophyll content in leaves and the amount of photosynthesis occurring there. The solar radiation absorbed by a leaf blade is dependent on its chlorophyll content and so chlorophyll contents may be used as a gauge of the nutritional status and age of crop plants.
The traditional determination method of leaf chlorophyll content is labor intensive. Chlorophyll must be extracted from leaf samples, destroying the leaves in the process. However a "SPAD-502" meter (made in Japan) can quickly measure the relative value of chlorophyll content in leaf blades and this information can be used to diagnose the nutrition status of crop plants. In recent years, the chlorophyll meter has been widely used in rapidly and indirectly measuring the nutrients of leaves in rice [3] , wheat [4] [5], corn [6] , rape [7] , potato [8] , watermelon [9] , cucumber [10] and other crops. SPAD values of leaves have also been used in the remote sensing of cotton [11] .
Research on several different crop species has focused on determing the relationship between leaf SPAD values and plant N content at different growth stages. This information can be used to quickly and accurately diagnose the N requirements of a crop and allow for the appropriate levels of N fertilizer application. Wang et al. [3] reported that in rice the health of the fourth leaf is a good indication of the plant's nutrition status. They found that color differences between the third and fourth leaves were highly correlated to the plant's N content, regardless of variety and development stage.
SPAD values can also be used to estimate N status in wheat plants [12] , although SPAD values of different leaves of the same cultivar may have no obvious relationship with the total plant N content. SPAD data should be collected from different parts of the wheat leaf to carefully diagnose N content in the individual plant.
Jiang et al. [6] found that the best time to fertilize corn was at the 10-leaf stage when the SPAD value of the ear leaf had slightly decreased, but the SPAD value of the distal leaf had reached its maximum at heading stage, and then decreased. Qiu et al. [13] analyzed the SPAD values in fully-expanded leaves in the third branch and their results suggested that the time between bud and anthesis was the best period for N fertilizer application.
Nie et al. [8] obtained SPAD values throughout the growth stages of potato plants and found that they closely tracked N status. The authors concluded that SPAD values can be used to accurately determine the appropriate times to apply N to potato crops.
Hong et al. [9] studied watermelons and found that there is a significant correlation between SPAD values and N content of the leaves in the upper leaf of the seedling stage and the lower leaf of the vineing stage. SPAD values measured from these fragile leaves can be used to diagnose N nutrient requirements during sensitive growth periods.
Wu et al. [10] found that there was a good correlation between the content of nitrate and the SPAD values of leaves during flowering and fruiting in cucumbers.
There have been many studies on the chlorophyll content of cotton leaves assessed with chlorophyll meters [14] [15] . Chlorophyll content increased in cotton leaves when plants were subjected to drip irrigation below the film [16] . These studies drew inconsistent conclusions about the sensitivity of cotton leaves to N application. Some investigations indicated that the fourth leaf was extremely sensitive to N, while the second leaf was relatively insensitive to N, and the first and third leaves varied between the cotton varieties [17] . Qu et al. [18] found that cauline leaf SPAD values at different positions on two cultivars responded differently to increasing N rate. The first fully-expanded cauline leaf (SL1) was most sensitive, while the fourth fully-expanded leaf (SL4) responded the least. As the N application rate increased, the SL4 and SL1 in the two cultivars converged on a similar SPAD value. The leaves could be well-characterized by the relative positional difference index (PDI), reflecting the greenness difference between SL1 and SL4. PDI can be an ideal indicator of cotton N status. Another study found that leaf SPAD values can also be used to estimate the degree of senescence in cotton leaves [19] . In the study they compared SPAD values on the day of flowering and 35 d after flowering as an indicator of chlorophyll content reduction, to measure the rate of reduction, and to track senescence [19] . Wu et al. [20] obtained the optimum SPAD values at different crop development stages when N was applied in appropriate topdressing amount.
Wood et al. [21] indicated that hand-held chlorophyll meters would be as reliable as destructive sampling of leaf-blade N and petiole NO 3 -N for predicting supplemental N fertilization requirements in cotton. They found that more research was necessary before chlorophyll meter readings could be routinely used to predict cotton N requirements.
Johnson et al. [22] indicated that the Minolta SPAD 502 Chlorophyll Fluorescence Meter has proven to be the most reliable hand held meters for infield readouts when monitoring N in cotton. Yet, this meter has its limitations when it comes to distinguishing between levels of N. The SPAD meter was able to detect between plots with no additional N application and plots with N applied during the first week of bloom. However, the SPAD meter was unable to distinguish between levels of N application during the first week of bloom. Bob et al. [1] reported that a chlorophyll meter was able to track the relationship between N fertilizer application and chlorophyll content within a limited period of time, but readings exhibited a large amount of variability between dates, suggesting a lack of precision in the measurements.
A correlation analysis and partitioning through a path coefficient analysis revealed that leaf chlorophyll content may be one of the major factors influencing seed cotton yield under drought stress [23] .
A promising approach to measuring the N status in cotton was suggested by El-Shikha et al. [6] . Their approach involves predicting N-sufficient and N-stressed limits as a function of crop cover and then calculating a normalized index between these limits to form what is referred to as the Canopy Chlorophyll Concentration Index (CCCI). Ciro and Vanessa [24] reported that chlorophyll meters can also be used to estimate the nutritional status of cotton from the 3rd week of flowering and that the optimal reading is above 48 in well-nourished cotton plants. Raper et al. [25] indicated that digital image analysis (a dark green color index) was a practical and inexpensive method sensitive to cotton N status that could potentially replace chlorophyll meters.
Most research on cotton has focused on sampling the fourth cauline leaf, but even though studies have sampled the same structure on the plant there have been some limitations when comparing SPAD values across various cotton genotypes. The difference in SPAD values among the upper four cauline leaves of several cotton varieties has not been previously studied, although this information is necessary to properly assess previous reports. We chose two early-maturing cultivars and two mid-maturing cotton cultivars and studied the change in SPAD values among the upper four cauline leaves across the plant's developmental stages. Additionally, we assessed the effects of different N and P fertilizer regimens on SPAD values, with the goal of determining the best leaf on the plant for senescence diagnosis of plant at late growth stages of cotton. 
Materials & Methods

Study Site
Experimental Design and Crop Cultivation
Two early-maturing cultivars of cotton (Gossypium hirsutum L.) CCRI 36 and CCRI 50 and two mid-maturing cultivars of cotton CCRI 41 were provided by the Institute of Cotton Research, Chinese Academy of Agricultural Sciences. SCRC 28 was provided by the Cotton Research Center, Shandong Academy of Agricultural Sciences. These five varieties were planted in field trials in which N was applied at a rate of 180 kg•ha −1 and P 2 O 5 and K 2 O were applied at a rate of 120 kg•ha −1 . CCRI 36 and SCRC 28 were planted in the second trial that varied the application rate of N and K. In the N treatments P 2 O 5 and K 2 O were applied at 120 kg•ha −1 , while the amount of N was either 0 kg•ha −1 (N1) or 360 kg•ha −1 (N 2 ). In the K treatments N and P 2 O 5 were applied at 180 kg•ha −1 and 120 kg•ha −1 , while the amount of K 2 O was either 0 kg•ha −1 (K1) or 240 kg•ha −1 (K2). In the experiments above, half of the N fertilizer was applied before planting and half was applied at the first bloom stage. The full amount of P and K fertilizer was applied before planting. Four replicates of each treatment were planted in randomly arranged plots 56 m 2 (10 m × 5.6 m) with a row space of 80 cm. The two early cultivars were sown on May 20 at a density of 52,500 and the two mid-maturing cultivars were sown on April 26 at a density of 75,000. Seedlings were thinned to the planned density at the first-leaf and third-leaf stage. Field management was conducted according to local practice.
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Sampling and Measurements
During the field trials, date of cotton seedling emergence, squaring, flowering, and boll-opening were recorded from 15 successive plants. SPAD values were measured for the upper four, fully-expanded leaves with a "SPAD-502" meter during sunny days between 0900 and 1100. During the measurement a normal leaf was cleaned and divided into four sections in which SPAD values were tested three times. The average SPAD value of the four leaf sections was used to approximate the SPAD value for the whole leaf. Twenty plants within each plot were randomly selected for measurement. Leaves of the two early-maturing cultivars were measured at 10 d intervals from June 11 until September 2, while leaves of the two medium-maturing cultivars were measured at 15 d intervals from June 7 until September 5.
Calculation and Statistical Analysis
Microsoft Excel 2010 was used to record the data and produce graphs. SAS 9.1 was used for the ANOVA analysis.
Results and Discussion
SPAD Values of Cotton Leaves at Different Life Stages
In the two trials, the emergence stage of CCRI 36 (Gossypium hirsutum L.) and CCRI 50 began on May 27, the flowering stage began on July 12, and the boll-opening stage began on August 23. In the first trial the SPAD values of the upper four leaves of the two early-maturing cultivars decreased from June 11 to July 12 and then rose to the maximum on August 13, declining again on September 2. During the entire growth period, the SPAD values of the first leaves were lower than the SPAD values of the second leaves, and so on until the maximum SPAD values were measured in the fourth leaves (Figure 1) . SPAD values were measured for four different leaves between August 13 and September 2 in two early-maturing cotton cultivars. The first leaf had a much higher value than the three lower leaves ( Table 1 ) and this difference can be used as a reference for senescence diagnosis of cotton plants.
In two trials the emergence stage of SCRC 28 and CRI 41 began on May 3, the flowering stage began on July 6, and the boll-opening stage began on August 21. In the first trial the SPAD values of the four upper leaves of SCRC 28 and CRI 41 first declined, but then the values for SCRC 28 rose on June 28 and the values for CRI 41 rose on July 8. The maximum SPAD values of SCRC 28 and CRI 41 occurred on August 6 and then began declining on September 5. Between August 6 and September 5 (during the full boll period), SPAD values of the first leaves were less than those of the second leaves and the second leaves were less than the third, and so on, with the fourth leaves having the highest SPAD values (Figure 1) . SPAD values were measured for several leaves in two medium-maturing cotton cultivars between August 6 and September 5 and the values were much higher in the third leaf than the values in the other three leaves ( Table 2) . This difference could serve as a reference for senescence diagnosis of cotton plants.
The Effect of N and K Fertilizer Rates on SPAD Values of Cotton Cultivar CRI 36
In the fertilizer experiment SPAD values were measured in the upper leaves of CRI 36. Values were higher on August 13 than on September 2. In the N1 and K1 plants the SPAD values of upper leaves were lower than val- ues measured in the upper leaves of N2 and K2 plants. Between August 13 and September 2 SPAD values of the first leaf of two medium-maturing cotton cultivars were significantly higher than values of the other three leaves. These results are consistent with the results from the first trial (Table 3) .
The Effect of N and K Fertilizer Rates on SPAD Values of Cotton Cultivar SCRC 28
In the fertilizer experiment SPAD values measured in the upper leaves of SCRC 28 on August 6 were higher than SPAD values measured on September 5. SPAD values of upper leaves with the N1 and K1 treatments were lower than those of the N2 and K2 treatments. SPAD values of leaves measured between August 6 and September 5 found that the third leaf was significantly higher than values in the other three leaves. These results were consistent with the first trial ( Table 4) .
There is a high correlation between the concentration of the photosynthetic pigments chlorophyll a and chlo- rophyll b and the photosynthetic capacity of leaves [26] . Measuring chlorophyll content is a non-destructive way to obtain real time information on the chlorophyll and N content of crop plants. We sought to study the dynamic changes in chlorophyll and N of cotton plants, in order to diagnose the physiological and nutrient status of the plants [27] . This study showed that changes in SPAD values in the first leaf of two early-maturing cultivars and the third leaf of two early-maturing cultivars during late-stage growth could be used as a reference to diagnose senescence of a cotton plant.
Conclusion
In this study, we investigated the rule of SPAD values in cotton leaves of several cultivars during the whole growth period. We found that SPAD values in early-maturing and medium-maturing cultivars followed the rule: first leaves < second leaves < third leaves < fourth leaves. The lowest SPAD values of the two early-maturing cultivars and two media-maturing cultivars occurred either before or after the flowering stage, suggesting important physiological transitions from vegetative to reproductive growth, when N in the leaf blades begins to transfer to the reproductive organs. After applying N fertilizers during the flowering period, the SPAD values began to rise and reached a peak during the boll period, declining again at the boll opening period. The difference of SPAD values of the 1st leaves from the top of main stem of cotton plants at 10 d before boll opening stage and 10 d after boll-opening stage could be a reference to diagnose senescence of early-maturing cotton plants. As to mid-maturing cultivar, the difference of SPAD values of the 3rd leaves from the top of main stem of cotton plants at about 15 d before boll opening stage and 15 d after boll opening stage could be a reference to diagnose senescence of mid-maturing cotton plants.
